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Human cutaneous erythemogenic and melanogenic re-
sponses to long-wave (UVA) ultraviolet radiation were 
investigated using irradiances ranging from 5-50 mW/ 
cm2 • Skin surface temperature changes resulting from 
the different irradiances were also compared. In gen-
eral, threshold doses for erythema and pigmentation 
w-ere higher when UV A was administered at the lowest 
irradiance (5 mW/cm2 ) than at the highest (50 mW/cm2 ). 
Erythema was maximal immediately after exposure to 
UV A. The most intense responses (erythema with 
edema, or intense pigmentation) were induced more fre-
quently by the highest irradiance. Components of both 
the erythema and the pigment response to UV A are 
therefore irradiance-dependent. The greatest increase 
in skin surface temperature was observed after expo-
sure to the highest irradiance. 
The erythemogenic and melanogenic properties of long-wave 
UVA radiation were first described by Hausser and Vahle in 
1928 [1-3). Although sufficient doses of UVA will induce ery-
thema, t he response differs histologically and pharmacologi-
cally from UVB-induced erythema or from sunburn [4,5). 
Reports describing the time course of the erythema response 
to UV A give varying results . Maximal erythema was observed 
immediately after exposure in the report by Kaidbey a nd Klig-
man [6) . Parrish et a l described a biphasic erythema response 
to UVA from a N 2 laser (7). Gilchrest eta! observed maximal 
erythema 8- 15 h after irradiation [4] . 
It bas been suggested that some of t he observed differences 
may be due to thermal effects. Since UV A is 200-300 times less 
erythemogenic t han UVB [5], the energy required to induce 
erythema is large, and significant thermal effects could indeed 
occur. Vander Leun describes an increase in skin temperature 
and intense pigmentation from UV A doses greater than 3 times 
the minimal erythema dose (MED) [8]. If thermal effects are 
important, different irradiances used in various studies could 
cause different responses. We therefore carefully compared, in 
the same indi viduals, the effects of different irradiances of 
UV A, and the skin surface temperature changes that result 
from exposure. 
MATERIALS AND METHODS 
Subjects 
Thirty-one fai r skinned volunteers (20 female, 11 male) were subjects 
for this study. Individuals of skin types I, II, and III were used. The 
previously unexposed upper buttocks were irradiated. An informed 
written consent was obtained. 
Source 
The UVA source was a filtered 2500-W xenon a rc [9]. A liquid filter 
used to reduce infra red and UVB radiat ion as t he light exited the sola r 
simulator. A UV reflecting, IR transmitting dichroic mirror was used 
to refl ect the beam onto t he volunteer. The spectra l power distribution 
of UVA at the skin surface is shown in Fig l. An IL 700 research 
radiometer was used to measure the UVA irradiance at skin level. 
Uniformity of the irradiation field was ± IO%. With this source UVB 
irradiation was at least 5 orders of magnitude less than UVA radiation. 
Procedure 
Two irradiances were studied in each subject. Either 5 and 50 m W 1 
cm2, or 10 and 50 m W /cm2 irradiances were compared. UV A threshold 
doses for erythema and pigmentation were determined by administering 
a se ries of 12 increasing exposures, typica lly from I0- 100 J /cm2, in 
23% increments. Exposure was continuous on a I 2-square grid. White 
tape was used to cover the squares a fter the specified exposure dose. 
The times required to administer IOO J / cm 2 were 33 min at 50 m W 1 
cm2, 165 min at IO m W /cm2,and 330 min at 5 m W /cm2• 
A Digitec thermometer (HT series, Model 5810) fi tted with a low 
mass, I em-diameter contact probe, was used for skin temperatu re 
measurements. The probe was taped to t he s ite and equilibrated for 0.5 
min before reading. To minimize thermal mass effects, t he probe was 
taped to t he skin at another site between readings to main tain it at 
approximately skin temperature. Skin surface temperatures were meas-
ured at 2 sites, an experimental site receiving t he highest dose of UVA, 
and a control s ite on the opposite buttock. Baseline and experimental 
temperatures were recorded prior to exposure and afte r 10, 20, 30, and 
60 J / cm 2, and finally after completion of the highest exposure dose. 
Grading 
The sites were graded for erythema and pigmentation immediate ly, 
2, 4, 6, 24, 48 h, a nd 7 days afte r exposure to UVA, using t he following 
cri teria: 
0 = no di fference from surrounding skin 
t race = color change touching less than 2 borders 
± = 2 distinct borders 
1 + = 4 distinct borders 
2+ = bright red color 
3+ =edema 
The grad ing for pigmentation followed the same key with t.he follow-
ing changes: 
Data Analysis 
I+ =solid square of brown color 
2+ = dark brown color 
3+ = blackish brown color 
The erythema and pigmentation responses were compared using t he 
paired t -test. The skin temperature responses were compared by t he 
two-sample t-test for independent samples with equal va riances [10-
12]. 
RESULTS 
of 7% CuSO, and 7% CoSO,, and a 1-mm Schott WG 335 filter were Erythema 
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The results are displayed in Table I. In general, exposure to 
50 m W /cm 2 induced erythema more effectively, resulting in 
responses at lower doses than exposure to lower irradiances, at 
0, 24, and 48 h. In contrast, at 3-7 h , dose thresholds were very 
close for all irradiances, both for trace and 1 + responses. At 7 
days the number of subjects sti ll displaying a 1 + response was 
small (4), and the difference was not statistically significant. 
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TABLE I. J<;ry thema dose thresholds: Jfcm2 
0 Hours 3- 7 !-l ou rs 24 Hours 48 H ours 7 Days 
1+ Response 
5 mW/cm2 63 ± 18" 
10 mW/cm2 42 ± 16 
50 mW /cm2 36 ± 20" 
Trace response 
5 mW/cm2 32 ± 10• 
10 mW/cm2 29 ± 16' 
50mW/cm2 22 ± 16.·' 
" 5 VS 50: p < 0.05, n = 14 
b 5 VS 50: p < 0.02, n = 14 
,. 10 vs 50: p > 0.02, n = 14 
d 5 vs 50: p < 0.02, n = 14 
,. 5 VS 50: p < 0.01, n = 13 
I 10 vs 50: p < 0.01, n = 15 
50± 15 
45 ± 19 
47 ± 23 
25 ± 9 
29 ± 14 
26 ± 13 
N (5 + 10) VS 50: p < 0.02, 11 = 21 
1
' 5 VS 50: p < 0.02, n = 12 
; 10 vs 50: p < 0.05, n = 12 
' 5 vs 50: p < 0.02, n = 4 
'5 vs 50: p < 0.02, n = 6 
68 ± 15" 77 ± 15" 98 ± Oi 
66 ± 23 76 ± 13" 
53± 18d 64 ± 22" 68 ± 24i 
42 ± 10' 49 ± 13 1' 73 ± 8' 
41 ± 161 53± 18; 
32 ± 11 •·./ 39 ± 18"·; 46 ± 26' 
Responses of 3+ (erythema with edema) were most often 
observed following exposure to 50 m W /cm2 ; these responses 
were therefore also irradiance-dependent. Responses of 3+ 
follow ing 50 m W /cm2 exposure were seen in 13 subjects at 0 h, 
22 subjects at 3- 7 h, and 9 subjects at 24 h. In comparison, 3+ 
responses after exposure to 10 m W /cm2 were seen in only 2 
subjects at 0 h , 1 subject at 3- 7 h, and 2 subjects at 24 h; after 
exposure to 5 m W /cm2 a 3+ response was observed in only 1 
subject, at 0 h. 
Pigmentation 
The results are displayed in Table II. Pigmentation a lso 
showed irradiance dependence. In this case, both 50 mW /cm2 
and 10 mW /cm2 exposures caused similar responses, but 5 
mW /cm2 exposure induced pigmentation less effectively, with 
dose thresholds significantly higher at 0, 24, 48 h, and 7 days. 
Pigment responses to 50 mW/cm2 and 10 mW/cm2 were max-
imal immediately after exposure. As with erythema responses, 
thresholds ai 3- 7 h did not differ significantly for t he 3 irradi-
ances. P igmentation dose thresholds increased with time, in-
dicating a slight fading of the pigment response over 1 week. A 
3+ response was observed only after exposure to 50 m W /cm2 , 
in 1 subject. 
Thermal Effects 
When experimental and baseline temperatures were com-
pared, there was a greater and more rapid change during the 
50 m W /cm2 irradiation than during the 5 or 10 m W /cm2 
irradiations (see Fig 2). During exposure to 10 m W /cm2 an 
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TABLE II. Pigmentation dose thresholds: J fcm2 
0 Hour 3- 7 !-lours 24 Hours 48 Hours 7 Days 
1+ Response 
5 mW/cm2 35 ±11" 
10 mW/cm2 16 ± 7 
50 mW /cm2 15 ± 8" 
Trace response 
5 mW /cm2 60 ± 14• 
10mW/cm2 31±8 
50 mW /cm2 35 ± 9• 
• 5 vs 50: p < 0.02, n = 6 
b 5 VS 50: p < 0.001, n = 6 
'5 VS 50: p < 0.01, n = 8 
"5 vs 50: p < 0.02, n = 10 
• 5 vs 50: p < 0.01, n = 9 
( 5 VS 50: p < 0.02, n = 10 
N 5 VS 50: p < 0.02, n = 6 
1





































29 ± 24 33 ± 21' 35 ± 26' 42 ± 24• 
16 ± 7 17 ± 6 25 ± 8 
18 ± 8 19 ± 14 ' 24 ± 14' 29 ± 21" 
47 ± 14 66 ± 16d 72 ± 231 82 ± 20" 
33 ± 11 38 ± 9 42 ± 12 
39 ± 14 41 ± 13" 43 ± 191 63 ± 34" 
o Baseline 







F IG 2. Skin surface temperature changes during period of exposure 
to 3 different irradiances. \1--\1 = Exposed site; 0----0 = control. 
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increase in temperature occurred but it was smaller and slower 
than the increase induced by 50 m W /cm2 . At 5 m W jcm2 , 
experimental and baseline temperatures were not significantly 
different. Despite equilibration of the subject by resting in the 
laboratory for 30 min prior to exposure, some elevation in 
baseline temperature occurred in most subjects, possibly due to 
general exposure to the heat generated by t he 2500-W solar 
simulator. 
DISCUSSION 
Exposure of human skin to a higher irradiance of UV A 
radiation led to reduced threshold doses for the induction of 
erythema and pigmentation, compared with lower irradiances. 
The higher irradiance also caused a significant elevation of 
skin surface temperature. Cutaneous responses to UV A expo-
sure are distinctive in t hat both erythema and pigmentation 
occur without latency (6,13] . Since the energy to induce ery-
t hema is large, it has been proposed that the thermal effects of 
exposure may cause or contribute to erythema, in contrast to 
t he strictly photochemical events which are presumed to initi-
ate delayed erythema responses to shorter wavelengths. If ther-
mal effects are important, responses should be irradiance-
dependent as well as total dose-dependent, since high irradi-
ances cause greater temperature change in the skin. We have 
tested this hypothesis by examining reciprocity of UVA-in-
duced responses over a range of irradiances which result in skin 
temperature changes ranging from insignificant to substantial. 
Both erythema and pigmentation showed a component of ir-
radiance dependence. The range of irradiances was selected for 
reasons related to practical exposure times, and was near the 
range that might be encountered in different laboratories. The 
lowest irradiance was comparable with that of peak solar emis-
sion in the UV A region, and was less than that of most PUV A 
boxes. The highest irradiance was 3-4 t imes greater than that 
of most PUV A boxes. 
Erythema was clearly inducible by exposure to low irradi-
ances which did not cause detectable skin heating. Further-
more, at 3-7 h, no difference in dose thresholds resulting in 
either trace or 1 + erythema was detectable over t he range of 
irradiances tested, consistent with a dose-dependent photo-
chemically mediated response leading to erythema. 
However, in addition to an irradiance-independent response, 
an irradiance-dependent component can also be proposed. Er-
ythema dose thresholds for either trace or 1 + responses follow-
ing 50 mW /cm2 exposure were significantly lower at 0, 24, and 
48 h than the thresholds at either or both of the lower irradi-
ances. Furthermore, edematous (3+) responses were observed 
much more frequently at the 50 m W /cm2 irradiance. These 
responses do not, therefore, fo llow a strictly reciprocal relation-
ship with respect to irradiance and duration of exposure. Under 
most circumstances, photochemically mediated events occur in 
proportion to the total number of photons absorbed at a wave-
length, and are independent of irradiance except under extreme 
circumstances. In complex biologic systems, responses are less 
predictable. Although photochemical events such as the ab-
sorption of a photon by a sensitizing molecule occur in propor-
tion to photon dose, subsequent steps may obscure the dose 
dependence of the response. For example, at very low irradi-
ances, repair mechanisms may keep pace with photochemically 
induced damage, or mediators may be removed or broken down 
as they are formed, reducing t he observed response. At high 
irradiances, if energy is delivered more rapidly than it is dissi-
pated, heating will result, leading to thermal responses [14] . At 
extremely high intensities two-photon photochemistry may 
occur, for example during exposure to laser radiation . The 
increased erythemal response to the highest irradiance observed 
in this study could be explained by a combination of thermal 
and photochemical responses. Furthermore, UV A may induce 
damage via the formation of free radicals. Natural quenching 
mechanisms for the removal of free radicals could be over-
whelmed at high irradiances. 
Pigmentary responses were comparable, following a similar 
pattern. Increased pigmentation occurred without latency, and 
thresholds were higher at 168 h than at earlier time points, 
indicating fading of the response over this period. This is in 
contrast to UVB-induced tanning which becomes visible from 
72 h onwards. The degree of pigmentation was partially depen-
dent upon irradiance at most time points. However, as with the 
erythema response, pigment dose thresholds at each irradiance 
at 3-7 h did not differ significantly. Again, the most intense 
responses were observed only after 50 m W jcm2 exposure. As 
shown by Kaidbey and Kligman [6], UVA induced pigment 
rapidly and without latency, and a biphasic response was not 
seen. 
The way in which thermal effects could modify the pigmen-
tary response to UV A is not clear. UVA-induced pigmentation 
probably has components resulting from photooxidation of 
preexisting melanin, redistribution of existing melanosomes 
within keratinocytes, and new melanin synthesis [15]. Signifi-
cant darkening was observed in cadaver skin heated to 56oC by 
Meirowsky [16]. Since some fading of the immediate pigmen-
tation response occurs within hours at the end of exposure, it 
is possible that when low irradiances were used, necessitating 
long exposure times, some fading had already occurred by the 
end of the exposure. 
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